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Crystal Growth of new charge-transfer salts based on
pi-conjugated donor molecules
Antonia Morherr*1,, Sebastian Witt1, Alisa Chernenkaya2,3, Jan-Peter
Ba¨cker1, Gerd Scho¨nhense3, Michael Bolte4, Cornelius Krellner1
Abstract
New charge transfer crystals of pi-conjugated, aromatic molecules (phenanthrene
and picene) as donors were obtained by physical vapor transport. The melting
behavior, optimization of crystal growth and the crystal structure is reported for
charge transfer salts with (fluorinated) tetracyanoquinodimethane (TCNQ-Fx,
x=0, 2, 4), which was used as acceptor material. The crystal structures were
determined by single-crystal X-ray diffraction. Growth conditions for different
vapor pressures in closed ampules were applied and the effect of these starting
conditions for crystal size and quality is reported. The process of charge transfer
was investigated by geometrical analysis of the crystal structure and by infrared
spectroscopy on single crystals. With these three different acceptor strengths
and the two sets of donor materials, it is possible to investigate the distribu-
tion of the charge transfer systematically. This helps to understand the charge
transfer process in this class of materials with pi-conjugated donor molecules.
Keywords: charge transfer, TCNQ, physical vapor transport
1. Introduction
Designing new organic materials and tuning their physical properties by
adding or removing charges has a long history[1], but the detailed understanding
of mechanisms is still a matter of current research. Organic charge-transfer
(CT) salts offer a huge variability in crystal structures and physical properties
ranging from metallicity over superconductivity to Mott insulators [2, 3] on one
side. Organic semiconductors on the other side find application in various diodes
and organic electronics due to their flexibility and relatively high mobility [4].
Also, a new class of multiferroicity was found in organic charge transfer salts
and introduced a new research field [5].
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In the last years, the class of phenacenes attracted a lot of attention. For
potassium doped phenanthrene (n=3 benzene rings) [6], picene (n=5) [7] and
dibenzopentacene (n=7) [8] superconducting phases were discovered with a TC
of 5K (n=3), 18K (n=5) and 33K (n=7), respectively. The charge trans-
fer process in crystals based on these three compounds is of interest, as the
reproducibility of these samples is still under debate [9] and only few exper-
imental studies have been reported. In this paper, we expand the sets of
charge transfer (CT) salts based on aromatic donor molecules as reported for
phenanthrene/TCNQ [10] and picene/TCNQ-F4 [11] and present the crystal
structures of new charge transfer salts phenanthrene/TCNQ-Fx (x=2, 4) and
picene/TCNQ-Fx (x=0, 2). With respect to the weak donor ability of phenan-
threne and picene (HOMO: 6.1 eV, 5.5 eV [12]) and the strong acceptors TCNQ,
TCNQ-F2 and TCNQ-F4 (LUMO: 4.2 eV, 4.55 eV and 5.24 eV[13]) neutral CT
are expected. With the two known structures of PHN/TCNQ and PIC/TCNQ-
F4, we yield a set of two donors with three different acceptors. By changing the
fluorine content in the acceptor, the overall charge transfer is increased. These
novel materials expand the materials basis for the recently suggested HOMO-
LUMO engineering [13] utilizing charge-transfer compounds.
2. Experimental details
2.1. Crystal growth
Phenanthrene (PHN) and picene (PCN) as donor molecules (D) were pur-
chased by TCI with a purity of >97% and >99%, respectively. TCNQ, TCNQ-
F2 (2,5-configuration) and TCNQ-F4 as acceptors (A) were also purchased by
TCI with purities of >99%, >98% and >98%, respectively. These starting
molecules are shown in Figure 1. The acceptor strength increases for higher
fluorinated acceptors with an electron affinity of 2.85 eV for TCNQ; 3.02 eV for
TCNQ-F2 and 3.20 eV for TCNQ-F4 [14].
Single crystals were grown by physical vapor transport (PVT)[15, 16] in
closed glass ampules. For this purpose, the starting materials (as powders) of
D and A were ground together and transferred into a glass ampule, which was
cleaned by ethanol and acetone before and baked in a box furnace for at least
24 hours to remove water (as described in Ref. 11). The glass ampule was
evacuated to p = 10−3mbar before closing. The experimental oven setup and a
typical temperature gradient used in the experiments is shown in Figure 2 with
Tsource as temperature at the hottest position with the source material and
Txcrystal with x = 1, 2, CT, where x denotes the crystal growth temperature of
material 1, material 2 and the CT complex, respectively. Typical crystal growth
conditions are listed in table 1.
The crystal growth zone lies in a region with a steep temperature gradient,
which results in the best crystal growth as mentioned and suggested in Ref. 17.
The growth procedure lasted ca. 50 hours until all starting material is sublimed
and subsequently the ampule was removed from the hot oven. The section with
the crystal growth zone of an ampule after the growth procedure of phenan-
threne/TCNQ is also shown in Figure 2. Here, TCNQ (orange) resublimes
2
a) b)
c) d) e)
C25'
C14'
C6
C9 C13
a
b
c
d
C33
C27
C30
C31
N N
N N
a
b
c
d
N N
N N
C15
C16
H
H
H
H
H
H
F
F
a
b
c
d
N N
N N
F
F
F
F
Figure 1: a) Phenanthrene and b) picene used as donor molecules and c) TCNQ, d) 2,5-TCNQ-
F2 and e) TCNQ-F4 as acceptors are shown. The bond lengths a-d are marked in the acceptors
to describe structural effects of charge-transfer. The colors representing different atoms in the
molecules are as follows: grey (C), white (H), blue (N) and green (F). The numbers of C
atoms refer to selected distances between acceptor and donor molecules, discussed within this
work.
Table 1: Growth parameters for phenanthrene and picene based charge-transfer salts.
mdonor [mg] macc. [mg] Tmax [
◦C] TCT [
◦C] stoichiometry
PHN/TCNQ 26.8 13.2 200 160 - 130 1:1
PHN/TCNQ-F2 17.2 2.6 200 180 -160 1:1
PHN/TCNQ-F4 21.8 12.1 200 186 - 147 1:1
PCN/TCNQ 10.8 15.9 240 ca. 200 1:1
PCN/TCNQ-F2 26.4 18.2 245 220 - 185 1:1
PCN/TCNQ-F4 17.1 20.1 240 ca. 200 1:1
at higher temperatures (T1) compared to the (black) CT complex (TCT ) and
(transparent) phenanthrene (T2). All charge transfer crystals grow in a 1:1 stoi-
chiometry with the applied starting conditions. There is no other stoichiometry
detected as for example 2:1 in Coronene2/TCNQ-F4 [18]. Besides the growth
of CT salts in a closed system, the oven can be used also for crystal growth
or purification of organic semiconductors (molecular crystals with one type of
molecule). Here, the crystal growth is performed under a stream of argon and
a flat temperature gradient in the oven is necessary.
For phenanthrene/TCNQ small needle-like crystals were obtained with a
source temperature Tsource=200
◦C. For phenanthrene/TCNQ-F4, this method
with a pressure of p = 10−3mbar results only in micro-crystallites (smaller than
50µm), where a separation from the glass walls after the growth procedure is
not possible. For optimization of the crystal growth conditions, we varied the
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Figure 2: The PVT oven for crystal growth is shown on the top designed after the working
principle used in Ref. 19. A typical temperature profile for phenanthrene based CT crystals
is shown at the bottom with the hottest zone of around 200◦C. TCNQ resublimes first at
T1=170◦C as orange crystals, the CT complex (black) at TCT=140
◦C and the phenanthrene
at T2=110◦C as transparent crystals.
argon gas pressure inside the ampule. For this purpose, the ampule is first
evacuated to p = 10−3mbar and than refilled with argon as inert gas. The
pressure amounts to the value at room temperature. In Figure 3 typical results
are shown for two different argon pressures for phenanthrene/TCNQ. The single
crystals in the first case for a pressure of p = 10−3mbar are smaller than 1 mm
and have a width and thickness of 250µm in average. For the second case with
an inert gas pressure of 0.5 bar, larger crystals up to a length of 2mm in average
are detected.
The improved crystal growth conditions are reflected in more block-like crys-
tals by higher inert gas pressure. This can be due to increased sublimation tem-
peratures and modified growth rates for different pressures mentioned in Ref. 17.
Higher pressures might lead to a suppressed nucleation rate due to a smaller
oversaturation at the ampule walls in the crystal growth regime. Therefore, the
crystals grow slowly and a block-like habitus appears.
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Figure 3: Ampules with phenanthrene/TCNQ after growth in the charge transfer region for
different pressures of argon a) p = 10−3 mbar, b) p = 0.5 bar and c) 1 bar.
2.2. DTA
For a better understanding of the crystal growth conditions, differential ther-
mal analysis (DTA) measurements were performed with phenanthrene, picene,
TCNQ, TCNQ-F4 and a mixture of donor and acceptor materials shown in Fig-
ure 4. The starting materials were filled into DTA glass ampules. The ampules
were evacuated to p = 10−3mbar, refilled with 0.5 bar argon and closed as de-
scribed for the growth ampules above. The measurements were obtained by a
STA 409 from NETZSCH and a DTA sample holder (type E). For heating and
cooling, rates of 5K/min were applied. The four ampules with pure phenan-
threne (0.16mmol), picene (0.089mmol), TCNQ (0.047mmol) and TCNQ-F4
(0.041mmol) were heated to temperatures above the melting points of the dif-
ferent materials and then were cooled down again. Both processes were recorded
with DTA and are presented in Figure 4. Melting points in DTA experiments
are defined as the onset of the peak. The melting point for phenanthrene was
reported to be at 100◦C [20] and TCNQ melts around 293◦C [21]. These temper-
atures are reproduced in DTA measurements shown in Figure 4 for a) phenan-
threne and b) TCNQ with onsets at T=100◦C and at T=290◦C, respectively.
An additional peak appears for phenanthrene at 69◦C. This peak shows the
phase transition (PT) to the high temperature crystal structure for phenan-
threne as reported in Ref. 20. By cooling down phenanthrene, the two peaks
were also detected with Tcryst. = 87
◦C and TPT=73
◦C for the low temperature
crystal structure. For TCNQ (see Figure 4 b)) an exothermal peak appears
in the heating curve at Tcrack=375
◦C after the melting point at TM=290
◦C.
The recrystallization peak is missing in the cooling part, which means, that the
exothermal peak in the heating curve signalized a decomposing of the TCNQ
molecules. The ampule with both starting materials with a surplus of phenan-
threne (0.037mmol of PHN and 0.024mmol of TCNQ) is first heated to a tem-
perature of T=305◦C to be above the melting point of TCNQ, but far below
the cracking temperature. Phenanthrene melts and starts to solve TCNQ above
100◦C. After this first run, the powder was dark red, confirming a charge trans-
fer process. The ampule was heated again to 300◦C and cooled down with
measuring the DTA signal. In the heating part of the curve, a peak around
100◦C appears again, which is due to the intact phenanthrene, not incorporated
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into the CT complex. The melting point of the CT appears at TM=242
◦C (see
Figure 4c)). The peak also is observed in the cooling part at Tcryst. = 228
◦C
meaning both compounds were intact and TCNQ was not decomposed in this
temperature regime.
Figure 4: DTA measurements for a) phenanthrene, b) TCNQ and c) both compounds in a
closed DTA glass ampule are shown. In d)+e) the same measurements for picene and TCNQ-
F4 are shown. The peaks for melting points show up at TPHNM =100
◦C, TTCNQ
M
=290◦C,
T
PHN/TCNQ
M =242
◦C, TPCNM =364
◦C and TTCNQ−F4M =290
◦C. Phenanthrene shows a phase
transition at TPHNPT =69
◦C and a similar peak is measured for picene at TPCNPT =234
◦C. The
mixed compound of picene and TCNQ-F4 in f) shows no CT peak as the cracking temperature
of TCNQ-F4 lies below the melting point of picene.
The melting point for the complex phenanthrene/TCNQ lies in between the
melting points for the single compounds, which looks reasonable and is in good
agreement to the different crystal growth areas for acceptor, CT complex and
donor[11, 22, 18] and is also apparent in Figure 2. Sublimation points could not
be detected by DTA but are stronger depending on pressure than melting points.
By using additional inert gas inside the ampule, the sublimation temperature is
shifted to higher temperatures and sublimation rates are slowed down achieving
larger crystals.
For picene (0.023mmol) and TCNQ-F4 (0.023mmol), DTA measurements were
also performed and presented in Figure 4d) together with the TCNQ data in
Figure 4e). Also for picene a phase transition probably due to a structural
transition is visible around 234◦C, similar to the one detected for phenanthrene.
For TCNQ-F4 we detect an exothermal peak after the melting point, similar to
TCNQ but at a lower temperature of 315◦C. The melting point of picene lies at
6
362◦C as shown in Figure 4 and is therefore similar to the cracking temperature
of TCNQ and above the cracking temperature of TCNQ-F4. No detection of
the melting point is possible for both complexes as the acceptor molecules will
decompose before melting.
The shown DTA measurements imply two important points for the improve-
ment of crystal growth by PVT: To avoid cracking of the acceptor molecules,
temperatures below 315◦C are necessary for crystal growth of pure TCNQ but
also for CT salts based on these acceptors from the vapor phase. To avoid
a much faster sublimation of phenanthrene at p = 10−3mbar resulting in a
separation in crystal growth area and a small yield of charge transfer salts, ad-
ditional argon pressure is essential. This increased pressure results in a much
better crystal growth for all acceptor compounds with phenanthrene as donor
molecule.
2.3. Single Crystal Structure
Single crystal X-ray diffraction was performed on selected crystals to deter-
mine the crystal structure. The detailed information of crystal structures are
summarized in the SI.
Data for phenanthrene/TCNQ-F2, phenanthrene/TCNQ-F4 and picene/TCNQ-
F2 were collected on a STOE IPDS II two-circle diffractometer with a Genix
Microfocus tube with mirror optics using MoKα radiation (λ = 0.71073 A˚) and
were scaled using the frame scaling procedure in the X-AREA program system
[23]. The structures were solved by direct methods using the program SHELXS
[24] and refined against F 2 with full-matrix least-squares techniques using the
program SHELXL [24]. Data for picene/TCNQ were collected on a Nonius
KappaCCD four-circle diffractometer with graphite monochromated MoKα ra-
diation (λ = 0.71073 A˚) and were processed with the DENZO/SCALEPACK
software [25]. The structure was solved by direct methods using the program
SHELXS [24] and refined against F 2 with full-matrix least-squares techniques
using the program CRYSTALS [26].
The phenanthrene molecules in phenanthrene/TCNQ-F2 and phenanthrene/TCNQ-
F4 are disordered about a centre of inversion over two equally occupied positions.
In picene/TCNQ-F2, the F and H atoms bonded to the six-membered ring are
disordered over two positions with a site occupation factor of 0.835(3) for the
major occupied sites.
2.4. Spectroscopic analysis
Infrared spectroscopy was measured on a small amount of needle-like single
crystals with no preferred orientation of PHN/TCNQ-Fx and picene/TCNQ-Fx
and these were compared to spectra of powder samples of the pure acceptors
TCNQ, TCNQ-F2 and TCNQ-F4. The spectra were obtained by using a Nicolet
730 FT IR spectrometer between 4000 and 500 cm−1 at room temperature with
a resolution of 1 cm−1.
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3. Results and discussion
3.1. Crystal structure of charge transfer salts
X-ray single crystal diffraction studies detect a ratio of 1:1 for donor and ac-
ceptor molecules and formation of mixed stack geometry in all compounds. Typ-
ical pictures of single crystals and the corresponding crystal structures resulting
from single crystal X-ray diffraction are presented in Figure 5 for phenanthrene
and in Figure 6 for picene based CT salts.
Figure 5: Single crystals and crystal structures of a) PHN/TCNQ; b) PHN/TCNQ-F2 and c)
PHN/TCNQ-F4. The phenanthrene molecules are disordered in all structures.
Figure 6: Single crystals and crystal structures of a) PCN/TCNQ; b) PCN/TCNQ-F2 and c)
PCN/TCNQ-F4. TCNQ-F2 is disordered in the structure. The structures for these CT salts
are isostructural.
The crystal structure of phenanthrene/TCNQ-F2 is isostructural to the re-
ported for phenanthrene/TCNQ in Ref. 10, whereas the space group (SG)
changes from P 1¯ to P21/n for phenanthrene/TCNQ-F4. Both, donor and
acceptor molecules are planar and have similar dimensions. Especially, the
longest axes of phenanthrene and TCNQ(-F2; -F4) are roughly equal with 9 A˚
for phenanthrene and 8.4 A˚ for TCNQ (8.6 A˚ for TCNQ-F2; 8.75 A˚ for TCNQ-
F4), respectively. The central part of TCNQ-Fx and the benzene ring in the
middle of PHN overlap with a little offset which is compensated by disorder,
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due to a mirroring of PHN on the long axis of the molecule shown in Figure 7
reported also for PHN/TCNQ[10].
Figure 7: Disordering for PHN/TCNQ-F2 in a) left orientation and b) right orientation of the
phenanthrene molecule.
With a closer look to the stacking directions, the spacing becomes smaller for
stronger acceptors as lattice parameter a decreases from 6.719 A˚ in PHN/TCNQ
over 6.682 A˚ in PHN/TCNQ-F2 to 6.632 A˚ in PHN/TCNQ-F4. By increas-
ing the acceptor strength and geometry, the angle between donor and acceptor
molecules and axis c in P 1¯ (axis b in P21/n) becomes flatter. For picene/TCNQ
and picene/TCNQ-F2 the same space groups P21/n are revealed as for picene/TCNQ-
F4 reported in Ref. 11 and no disorder of the aromatic donor occurs in this
set. Instead of the donor, the acceptor in the picene/TCNQ-F2 structure is
disordered. Here, no differentiation between one ordering of 2,5-configuration
or mirroring at the bc-plane is possible. In picene/TCNQ-Fx no space group
changes are observed which can be due to different sizes of donor and acceptor
in general (the longest axis is 13 A˚ for picene). This is compensated by packing
in pairs of D and A in P21/n geometry as described in Ref. 11.
Figure 8: Distances between D and A in a) phenanthrene/TCNQ-F2 and b) picene/TCNQ
charge transfer salts and bending of donor and acceptor molecules.
A structural indication for charge transfer in theses materials is, that short-
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Table 2: Structural parameters for the new charge transfer salts phenanthrene/TCNQ-
F2, phenanthrene/TCNQ-F4, picene/TCNQ and picene/TCNQ-F2 together with the known
phenanthrene/TCNQ [10] and picene/TCNQ-F4 [11]. The value of charge transfer obtained
from structural changes in the acceptor molecule is shown in the last column.
SG a [A˚] b [A˚] c [A˚] α [◦] β [◦] γ [◦] C-C shortest [A˚] ρ
CT
struct.[e
−]
PHN/TCNQ P 1¯ 6.719 8.086 9.118 101.21 97.8 99.46 3.325 -0.04[10]
PHN/TCNQ-F2 P 1¯ 6.682 8.078 9.277 101.66 96.31 100.27 3.327 0.05
PHN/TCNQ-F4 P21/n 6.632 18.296 8.367 90 102.36 90 3.235 0.17
PCN/TCNQ P21/n 7.975 7.104 41.187 90 92.88 90 3.259 0.0
PCN/TCNQ-F2 P21/n 7.905 7.081 42.177 90 91.64 90 3.284 0.09
PCN/TCNQ-F4 P21/n 7.920 7.000 42.941 90 91.43 90 3.296 0.19 [11]
est distances between e.g. atoms C16 and C14’ in phenanthrene/TCNQ-F2 or
atoms C6 and C33 in picene/TCNQ are not equal as shown in Figure 8 along
the stacking axis. This effect occurs in all presented charge transfer salts but is
the strongest for phenanthrene/TCNQ-F4 with the largest bending of the cyano
end groups. In general, the smallest C-C distance between donor and acceptor
is in all cases below 3.5 A˚ resembling a good pi − pi overlap in all structures
[27]. An overview of the crystal structure data is shown in Table 2 and in the
Supporting Information in more detail for each new CT complex.
3.2. Charge transfer by structural data analysis and infrared spectroscopy
Another more pronounced property of CT salts is the amount of charge
transfer going from donor to acceptor by formation of the CT compound. This
value is relevant to classify CT salts and to understand their physical properties.
One way to extract the CT of a system is to compare the bond lengths of
the acceptor molecules. These changes of geometry inside the acceptor are a
first indication to detect the amount of CT and were investigated for a wide
range of TCNQ compounds [28]. The same approach was also used for TCNQ-
F2 [29] and TCNQ-F4 [11]. In all cases, the pure acceptor compound has a
quinoid structure. While charge transfer takes place, this quinoid structure in
the acceptor changes to a more aromatic structure, which means that bond c is
extended and bond b and d are shortened to become a more aromatic character.
This is shown in the literature for a variety of TCNQ salts. After Ref. 28, we
estimate the charge transfer by
ρCTstruct. =
αCT − α0
α−1 − α0
(1)
where the parameter α is defined by the bond length ratio c/(b+d) (see Fig.
1) and the indexes CT, 0 and -1 denote values for the CT compound, the pure
acceptor and the acceptor anion, respectively. With this approach, the charge
transfer was calculated for the presented compounds and shown in Table 2.
Both sets of different acceptors result in a larger transfer for stronger ac-
ceptors, which is in good agreement with a smaller spacing between donor and
acceptor in the structure and a larger overlap between orbitals of donor (D) and
acceptor (A).
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Another method to estimate the amount of charge transfer is the investi-
gation with infrared spectroscopy [30, 31]. This method was used widely for
TCNQ and also in a few cases for TCNQ-F2 [29] and TCNQ-F4 [11]. For CT
salts based on TCNQ, the C≡N stretching modes are dominant in the spectra
and the shifting from pure acceptor to CT complex is prominent. Besides the
shift in C≡N vibration mode, also the C=C stretching mode of the acceptor is
a good indication for the amount of charge transfer [31]. The C≡N stretching
mode is easier to analyze, but as the cyano groups are situated at the end of the
acceptor molecule and can be influenced by surrounding molecules, this stretch-
ing reflects the CT not as accurate as the C=C vibration in the center of the
molecule. In Figure 9, we present IR spectra of CT crystals and compare these
with spectra on powder of the pure acceptor compounds in the C≡N stretching
mode region.
For the neutral acceptors, we observed a strong C≡N stretching mode at
2222.7 cm−1 for TCNQ, at 2229.5 cm−1 for TCNQ-F2 and at 2227.7 cm
−1 for
TCNQ-F4 (orange arrows in Figure 9). According to Ref. 32 these bands can
be assigned to b3gν42 for TCNQ and to b1uν18 in TCNQ-F4.
Compared to the pure acceptors, the charge transfer compounds show no
additional peaks, besides the picene/TCNQ-F4 complex. The relative intensities
of the second peak around 2214 cm−1 increases compared to the large peak
around 2227.7 cm−1 as described in Mahns et al. [11]. All other compounds
show no changes in relative peak intensities. The shift of the C≡N stretching
mode is prominent in all measurements, despite for phenanthrene/TCNQ-F4
and are listed in Table 3. The degree of charge transfer of the shift in the C≡N
stretching mode in infrared absorption spectroscopy can be calculated from the
empirical relation [33]:
ρIRCN =
2∆ν
ν0(1−
ν2
1
ν2
0
)
(2)
Where ∆ν = ν0 − νCT and the subscripts 0, 1 and CT denote the C≡N
stretching modes of the pristine acceptor, the acceptor anion and the charge
transfer salt. A second method to detect the charge transfer is a linear ap-
proach between neutral acceptor and fully ionized acceptor with charge of 1 e−
comparing the wave numbers of the respective maximum. The wave num-
ber of the C≡N vibration for the fully ionized acceptor in alkaline salts is
2186 cm−1 for TCNQ−1, 2188 cm−1 for TCNQ-F2
−1 and 2190 cm−1 for TCNQ-
F4
−1 [32, 34, 31].
With linear approach, we receive a charge transfer of 0.22 e− for PHN/TCNQ,
0.28 e− for PHN/TCNQ-F2 and 0.05 e
− for PHN/TCNQ-F4 when analyzing the
C≡N vibration. This is also in good agreement to results from eq. 2. For the
charge transfer salts based on picene, we obtain 0.20 e− for PCN/TCNQ and
0.16 e− for PCN/TCNQ-F4, which matches nicely the value of 0.14 e
− in Ref. 11.
Especially, the results for phenanthrene/TCNQ-Fx are of interest as the charge
transfer first increases in the stronger acceptor TCNQ-F2 compared to TCNQ,
but decreases again for the strongest acceptor TCNQ-F4. The conclusion from
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Figure 9: IR spectra of polycrystalline samples in the C≡N stretching mode regions for a)
phenanthrene/TCNQ-Fx (x=0, 2, 4) and b) picene/TCNQ-Fx (x=0, 4). The C≡N stretching
is always red-shifted in the case of charge transfer compounds, compared to pure acceptors.
both sets of materials is, that the value of CT is lowest for the strongest ac-
ceptor, which is an unexpected result. This can be due to the shift in crystal
structure and the slightly different surrounding of the C≡N groups in the struc-
ture. As the C≡N groups are located at the very end of the acceptor molecules,
the shift of the IR mode is also strongly depending to neighboring molecules.
On the other side, this can be also an indication of a different localization of
the charge on the acceptor molecule depending on its fluorination. Therefore,
the C=C stretching mode outside the carbon ring in the acceptor needs to be
investigated. This shift is more independent to changes in the surrounding and
sensitive to another part of the acceptor molecule. These spectra are shown in
Figure 10. To estimate the CT, we used the linear approach, as discussed be-
fore. Therefore, the b1uν20 mode, identified as the C=C stretching mode, was
observed at 1542 cm−1 in neutral TCNQ, at 1549 cm−1 in neutral TCNQ-F2
and the b1uν19 mode at 1550 cm
−1 in neutral TCNQ-F4 and at 1504 cm
−1 in
the TCNQ anion [32] with total charge transfer. For the TCNQ-F4 anion the
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b1uν19 mode is assigned to C=C stretching and is located at 1500 cm
−1 [31]. As
TCNQ-F2 is in between TCNQ and TCNQ-F4, we expect the shift of the C=C
mode in the anion to be around 1502 cm−1.
Figure 10: IR spectra in the region of different carbon-carbon stretching modes. The C=C
stretching mode outside the ring of the acceptor (orange arrows) is located around 1550 cm−1
(b1uν20 for TCNQ and b1uν19 for TCNQ-F4). The shift of C=C stretching mode is for a)
phenanthrene/TCNQ-Fx but also for b) picene/TCNQ-Fx rather weak, which means a small
amount of charge transfer.
With this assumption, we yield a charge transfer of 0.01 e− for PHN/TCNQ,
0.04 e− for PHN/TCNQ-F2 and for PHN/TCNQ-F4. For the two picene com-
pounds, we determined a charge transfer of 0.04 e− for PCN/TCNQ and 0.08 e−
for PCN/TCNQ-F4. The results for CT strongly differ for C≡N and C=C
stretching. For the C≡N vibration modes, the CT decreases for stronger accep-
tors (especially for PHN/TCNQ-F4), whereas it increases for the C=C vibration
modes with increasing acceptor strength. As described before, the C≡N vibra-
tion modes are located at the end of the acceptor and are probably influenced
by their surrounding. In addition, the difference between ρCNCT and ρ
CC
CT can be
due to an inhomogeneous distribution of the CT over the acceptor molecule.
For increasing acceptor strength the contribution of CT might be shifted to the
center ring. Therefore, the tendency for the C=C stretching seems more rea-
sonable with a larger amount of CT for increasing acceptor strength although
13
Table 3: IR-frequencies of C≡N and C=C stretching modes of different charge transfer (CT)
salts and pristine acceptors (A) presented in the first two columns. In the third column the
difference between these two values ∆ν is shown. In the last two columns the charge transfer
resulting from linear approach is shown for both the C≡N and C=C stretchings.
νCT [cm
−1] νA[cm
−1] ∆ν ρCNCT [e
−] ρCCCT [e
−]
PHN/TCNQ 2214.6 2222.7 8.1 0.22
1541.5 1542 0.5 0.01
PHN/TCNQ-F2 2218 2229.5 11.5 0.28
1547 1549 2.0 0.04
PHN/TCNQ-F4 2225.8 2227.7 1.9 0.05
1547.9 1550 2.1 0.04
PCN/TCNQ 2215.4 2222.7 7.3 0.20
1540.5 1542 1.5 0.04
PCN/TCNQ-F4 2221.8 2227.7 5.9 0.16
1546.2 1550 3.8 0.08
the observed values are probably underestimated. The value of charge transfer
lies in all new compounds in the neutral region after definition in [35]. Addi-
tional investigation of the electronic structure of these novel complexes using
high sensitive spectroscopic measurements are now in progress to investigate the
distribution of CT on the acceptor molecule in more detail.
4. Conclusion
Single crystals of four new charge transfer complexes with phenanthrene
and picene as pi-conjugated donors were obtained by physical vapor transport
method. Differential thermal analysis measurements detect the melting temper-
atures of the respective starting molecules, as well as for PHN/TCNQ. Pressure
dependent growth studies improved the crystal growth of these complexes re-
sulting in thicker crystals sufficient for single-crystal x-ray diffraction. The new
crystal structures expand the existing data of different acceptor strengths in
the phenanthrene and picene based salts and can be used as model systems to
investigate the influence of different acceptors strengths to the amount of charge
transfer. Based on these examples and the improvement of the physical vapor
transport technique, further novel materials can be designed.
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